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'u. S. Department of Energy and American S o c i e t y of E n g i n e e r i n g Education. . E f f i c i e n c y f o r Engines Noted i n There a r e a number of important. r e a s o n s why t h e s e l e c t i o n of a n engine f o r s o l a r a p p l i c a t i o n i s d i f f e r e n t from e n g i n e s e l e c t i o n f o r most o t h e r a p p l ic a t i o n s . Two important ones a r e :
( 1 ) High engine t h e r m a l e f f i c i e n c y i s a primary c o n s i d e r a t i o n , o v e r r i d i n g most o t h e r s .
( 2 ) There i s an optimum o p e r a t i n g t e m p e r a t u r e f o r any g i v e n engine/ c o l l e c t o r combination.
A.
THERMAL EFFICIENCY
The engine requirement f o r h i g h thermal e f f i c i e n c y can be understood by c o n s i d e r i n g t h e formula f o r c a l c u l a t i n g t h e o v e r a l l c o s t of b u i l d i n g a s o l a r d i s h power system. T h i s c o s t per u n i t power o u t p u t c a p a b i l i t y can be expressed as t h e sum of t h e c o l l e c t o r c o s t , t h e e n g i n e c o s t , and t h e p r e s e n t v a l u e of t h e y e a r l y o p e r a t i n g and maintenance (O&M) c o s t s . The c o l l e c t o r c o s t p e r u n i t a r e a (CIA), i n c l u d e s t h e c o s t of t h e c o n c e n t r a t o r , r e c e i v e r , and t h a t p o r t i o n o f ' t h e i n s t a l l a t i o n c o s t t h a t i s dependent on t h e t o t a l f i e l d ( a p e r t u r e ) a r e a ( l a n d , f a c i l i t i e s , e t c . ) .
where : Ct = t o t a l c o s t of system, $ (CIA), = c o s t of c o l l e c t o r p e r u n i t a p e r t u r e a r e a , $/m 2 C e = c o s t of e n g i n e , $ I . = i n s o l a t i o n , ~/ m 2 n = l i f e t i m e of t h e system, y r P = power ( o r e l e c t r i c a l ) o u t p u t of t h e module o r p l a n t , kW r = t h e annual investment i n t e r e s t r a t e YO&M = y e a r l y O&M r a t e , S/yr . s = e f f i c i e n c y of c o l l e c t o r ne = e f f i c i e n c y of engine Note t h a t t h e e n g i n e e f f i c i e n c y a p p e a r s i n t h e c o l l e c t o r c o s t t e r m implying t h a t a s m a l l e r c o l l e c t o r c a n be u s e d w i t h a n e n g i n e of h i g h e r e f f i c i e n c y .
A s a n example, u s i n g v a l u e s t y p i c a l of c u r r e n t l y e n v i s i o n e d p a r a b o l i c d i s h s o l a r power s y s t e m s , t h e c o s t of t h e system p e r u n i t . power o u t p u t c a p a b i l i t y would be on t h e o r d e r of Because t h e c o s t of t h e c o l l e c t o r i s a b o u t 75% of t h e t o t a l system c o s t and i s i n v e r s e l y p r o p o r t i o n a l t o t h e e n g i n e e f f i c i e n c y , s m a l l improvements i n e n g i n e e f f i c i e n c y w i l l have a s i g n i f i c a n t impact on t h e t o t a l c o s t of t h e system. I n t h e c a s e abovc, f o r example, improving t h e e n g i n e e f f i c i e n c y from 30 t o 31% r e d u c e s t h e c o s t of t h e s y s t e m by 2.4%. A t reduced l e v e l s of i n s o l a t i o n o r on a d a i l y o r y e a r l y a v e r a g e , t h i s e f f e c t .is even g r e a t e r .
B.
.OPTIMUM OPERATING TEMPERATURE One way t o i n c r e a s e t h e e f f i c i e n c y of a n e n g i n e i s t o i n c r e a s e i t s maximum o p e r a t i r i g t e m p e r a t u r e , TH. A s i m p l e d e s c r i p t i o n of t h e t e m p e r a t u r e dependence of e n g i n e e f f i c i e n c y can be e x p r e s s e d a s : where TL i s t h e t e m p e r a t u r e a t which h e a t i s r e j e c t e d , and K i s a n engines p e c i f i c c o n s t a n t r e p r e s e n t i n g t h e f r a c t i o n of Carnot e f f i c i e n c y developed. Although K i s assumed t o be independent of t e m p e r a t u r e i n t h i s development, i t may n o t n e c e s s a r i l y be c o n s t a n t f o r a p a r t i c u l a r e n g i n e o p e r a t e d a t d i f f e r e n t o f f -d e s i g n t e m p e r a t u r e s . However, when one l o o k s ac a wide v a r i e t y of e n g i n e s , e a c h o p e r a t i n g a t i t s d e s i g n t e m p e r a t u r e , t h e p e r c e n t a g e of Carnot e f f i c i e n c y a t t a i n e d does n o t seem t o v a r y w i t h o p e r a t i n g t e m p e r a t u r e . The c u r r e n t maximum v a l u e a p p e a r s t o be i n t h e 60 t o 70% range f o r a w e l l d e s i g n e d e n g i n e .
The pnprgy r n l l~r t i~n e f f i c i e n c y of t h e s o l l a c t o r d c c r c a o c o , duc t o i n c r e a s i n g r e c e i v e r h e a t l o s s , a s t h e r e c e i v e r t e m p e r a t u r e , T r , i n c r e a s e s . The e n e r g y c o l l e c t i o n e f f i c i e n c y , ns, of a s o l a r c o n c e n t r a t o r may be d e f i n e d i n t e r m s of a r e c e i v e r h e a t b a l a n c e a s :
' where : Ac = a r e a of c o l l e c t o r a p e r t u r e , m 2 Ar = . a r e a ,of r e c e i v e r a p e r t u r e , m 2 CR = g e o m e t r i c c o n c e n t r a t i o n r a t i o = Ac/Ar I = i n s o l a t i o r l , w/u12
. qu = r a t e of u s e f u l h e a t added, W T, = r e c e i v e r o p e r a t i n g t e m p e r a t u r e , OK Ta = . ambient t e m p e r a t u r e , OK 2 2 UL = r e c e i v e r o v e r a l l h e a t l o s s c o e f f i c i e n t , ~/ m OK a = a b s o r p t a n c e ( e f f e c t i v e ) of r e c e i v e r a p e r t u r e E = e m i t t a n c e . ( e f f e c t i v e ) of r e c e i v e r a p e r t u r e p = r e f l e c t a n c e of c o n c e n t r a t o r
4
I J = Stefan-Boltzmann c o n s t a n t , W/m K T = t r a n s m i t t a n c e of any i n t e r m e d i a t e c o v e r = r e c e i v e r i n t k r c e p t f a c t o r N e g l e c t i n g c o l l e c t o r p a r a s i t i c s (which a r e u s u a l l y 1 o r 2 % i n t h e u s u a l i n s t a l l a t i o n ) , , t h e o v e r a l l e f f i c i e n c y of' a s o l a r power system i s t h e p r o d u c t of t h e e f f i c i e n c y of t h e e n g i n e a n d . t h e ' e f f i c i e n c y of t h e s o l a r c o l l e c t o r . Because e n g i n e o p e r a t i n g t e m p e r a t u r e a p p r o x i m a t e l y e q u a l s t h e r e c e i v e r t e m p e r a t u r e , a combination of E q u a t i o n s ( 2 ) and ( 3 ) g i v e s a n optimum o p e r a t i n g t e m p e r a t u r e where t h e system e f f i c i e n c y i s maximized.
Assuming t h a t t h e e n g i n e can r e j e c t h e a t t o ambient . t e m p e r a t u r e (~i = T,) and i t r e c e i v e s h e a t a t r e c e i v e r t e m p e r a t u r e (TH = T,), i t can be shown t h a t : . and t h e t e m p e r a t u r e s a r e i n a b s o l u t e temperature u n i t s . Note t h a t t h e percent a g e of Carnot e f f i c i e n c y term K from Equation ( 2 ) does not appear a s a parameter i n t h i s e x p r e s s i o n f o r optimum o p e r a t i n g temperature. T h i s means t h a t t h e optimum o p e r a t i n g t e m p e r a t u r e f o r a c o l l e c t o r / e n g i n e depends p r i m a r i l y on t h e c o l l e c t o r . Achievement of optimum e f f i c i e n c y a t t h i s temperature r e q u i r e s ' t h e s e l e c t i o n of on e n g i n e t h a t a c h i e v e s peak v a l u e s of K i n t h c v i c i n i t y oft h e optimum o p e r a t i n g t e m p e r a t u r e found from Equation ( 4 ) . The d e r i v a t i o n of t h i s e q u a t i o n i s g i v e n i n Appendix A.
A s a n example, f o r t h e c o n c e n t r a t o r c h a r a c t e r i s t i c s g i v e n i n Table 1-1, t h e optimum e n g i n e o p e r a t i n g temperature can be found a s a f u n c t i o n of concent r a t i o n r a t i o . T h i s r e l a t i o n s h i p i s d i s p l a y e d i n F i g u r e 1-1. Because, f o r a g i v e n i n t e r c e p t f a c t o r , $, t h e c o s t of a c o n c e n t r a t o r g e n e r a l l y i n c r e a s e s w i t h c o n c e n t r
a t i o n r a t i o , i t can be s e e n t h a t e n g i n e s w i t h low o p e r a t i n g tempera t u r e s a r e b e t t e r s u i t e d t o low c o n c e n t r a t i o n r a t i o c o l l e c t o r s . A "bottom-line" c o s t e v a l u a t i o n of t h e energy produced o f t e n f a v o r s t h e s e lower c o s t combinations.
I n t h e d e s i g n of s o l a r power systems, t h e r e i s c o r~s i d e r a b l e l a t i t u d e i n e n g i n e / c o l l e c t o r s e l e c t i o n because t h e optimum o p e r a t i n g p o i n t i s not a s h a r p peak.
F i g u r e 1-2 shows t h e combined c o l l e c t o r / e n g i n e e f f i c i e n c y f o r a c o l l e c t o r having a c o n c e n t r a t i o n r a t i o of 1000. Although t h e optimum o p e r a t i n g temperature i s 780°C, a d e c r e a s e i n o u t p u t of l e s s t h a n 2% would be experienced i f t h e o p e r a t i n g t e m p e r a t u r e was i n c r e a s e d o r decreased by 100°C. 
OTHER CONSIDERATIONS I n ' a d d i t i o n t o t h e s e two primary c o n s i d e r a t i o n s t h e r e a r e o t h e r f a c t o r s s p e c i f i c t o s o l a r a p p l i c a t i o n s t h a t must be c o n s i d e r e d
when s e l e c t i n g a n e n g i n e f o r s o l a r a p p l i c a t i o n . One of t h e most i m p o r t a n t i s t h a t t h e 'engine must be d e s i g n e d f o r e x t e r n a l h e a t a d d i t i o n t o t h e working f l u i d . T h i s , h e a t i n g u s u a l l y t a k e s p l a c e i n a s o l a r r e c e i v e r . T h i s i s more e a s i l y done w i t h Rankine-, Brayton-, and S t i r l i n g -c y c l e e n g i n e s t h a n w i t h Otto-o r D i e s e l -c y c l e e n g i n e s . Because i n s o l a t i o n v a r i e s d u r i n g t h e o p e r a t i n g p e r i o d , t h e e n g i n e c o n t r o l system m i s t he a b l e t o respond t o v a r i a b l e h e a t i n p u t w h i l e m a i n t a i n i n g a c o n s t a n t e n g i n e speed. For many proposed a p p l i c a t i o n s , b o t h t h e h e a t i n and' th'e l o a d w i l l v a r y w h i l e a synchronous a l t e r n a t o r m a i n t a i n s a c o n s t a n t e n g i n e s p e e d . S p e c i a l c o n t r o l system m o d i f i c a t i o n s a r e r e q u i r e d t o : h a n d l e t h e s e v a r i a t i o n s f o r some engine d e s i g n s ,
The r a t e d power o u t p u t of e n g i n e s c u r r e n t l y of i n t e r e s t t o t h e , s o l a r d i s h program i s between 10 and 100 kW. T h i s r a n g e , i s based on t h e s i z e of t h e s o l a r power d i s h e s c u r r e n t l y e n v i s i o n e d , i . e . , between 5 and 20 m i n d i a m e t e r . The mass and volume of t h e e n g i n e s h o u l d be s m a l l enough t o keep t h e c o s t of e n g i n e s u p p o r t i n g s t r u c t u r e a t a minimum and t o minimize blockage of incoming s o l a r r a d i a t i o n .
F i n a l l y , a n e n g i n e used i n s o l a r power a p p l i c a t i o n s must have a l o n g s e r v i c e l i f e and low O&M c o s t s . Engines used i n s o l a r a p p l i c a t i o n s s h o u l d have l i f e t i m e s a p p r o x i m a t e l y t e n t i m e s l o n g e r t h a n automotive e n g i n e s ; t h e l a t t e r a r e t y p i c a l l y d e s i g n e d f o r l i f e t i m e s of about 5000 h o u r s w i t h p e r i o d i c maintenance e v e r y 500
h o u r s .
SECTION I1
SURVEY I n o r d e r t o a s s e s s t h e 'development s t a t u s of e n g i n e s i n t h e 10-to-100-kW power output range, survey l e t t e r s were s e n t t o 39 companies. ~h e s e companies were chosen because of t h e i r known p a s t involvement i n d e s i g n i n g e x t e r n a l l y heated e n g i n e s i n t h e a p p r o p r i a t e power and e f f i c i e n c y range. The l i s t of a d d r e s s e e s g i v e n i n Appendix B was compiled a f t e r d i s c u s s i o n s w i t h JPL personnel involved w i t h engine procurement.
The i n d i v i d u a l noted a s t h e c o n t a c t was t h e . person who responded t o t h e survey. The engine d a t a r e p o r t and cover l e t t e r . a r e i n c l u d e d a s Appendix C . The survey r e q u e s t s t e c h n i c a l i n f o r m a t i o n on t h e e n g i n e c y c l e i n a d d i t i o n t o i n f o r m a t i o n on maintenance, p r o d u c t i o n , and modific a t i o n of t h e engine and on t h e m a n u f a c t u r e r ' s c a p a b i l i t i e s . Because i n f o r m a t i o n was being sought on developmental p r o j e c t s
, it was decided t o emphasize responses t o t h e t e c h n i c a l d a t a o u t l i n e d on t h e f i r s t page of t h e a t t a c h e d d a t a r e p o r t form.
I n t h e cover l e t t e r , i t was noted t h a t t h e i n f o r m a t i o n provided would . o n l y be used i n t e r n a l l y by t h e Jet P r o p u l s
i o n Laboratory (JPL) i n o r d e r t o p r o t e c t t h o s e companies responding w i t h p r o p r i e t a r y d a t a . However, a s responses were r e c e i v e d , i t became apparent t h a t most of t h e i n f o r m a t i o n was f o r g e n e r a l d i s t r i b u t i o n . Because of t h e t r a n s i t i o n i n management of t h e p a r a b o l i c d i s h
program from JPL t o Sandia N a t i o n a l Laboratories-Albuquerque, each respondent was asked i f t h e i r d a t a could be made g e n e r a l l y a v a i l a b l e ; a f f i r m a t i v e r e p l i e s were r e c e i v e d i n a l l c a s e s .
SECTION I11 RESPONSE SUMMARY
Most of t h e 39 companies which r e c e i v e d a survey form have responded e i t h e r w i t h p e r t i n e n t engine d a t a o r a n i n d i c a t i o n t h a t they a r e n o t involved i n any a p p r o p r i a t e p r o j e c t s . No response was assumed t o mean e i t h e r t h a t no a p p r o p r i a t e p r o j e c t s e x i s t e d w i t h i n t h e company o r t h a t i n f o r m a t i o n on engine development p r o j e c t s could not be made a v a i l a b l e . T h i s was confirmed by telephone i n most c a s e s ; a follow-up l e t t e r was s e n t t o companies l o c a t e d o u t s i d e t h e United S t a t e s .
. Brief d e s c r i p t i o n s of t h e engine development p r o j e c t s found i n t h i s survey a r e g i v e n below. Table 3 -1 summarizes t h e f i n d i n g s i n a format e n a b l i n g comparison among engines. The two most important parameters f o r s o l a r a p p l ic a t i o n s , c y c l e e f f i c i e n c y and peak o p e r a t i n g t e m p e r a t u r e , a r e p r e s e n t e d graphi c a l l y i n F i g u r e 3-1.
A .
RRAYTON CYC1,ES

1.
A l l i s o n
The A l l i s o n Gas Turbine Operations D i v i s i o n of General Motors i n I n d i a n a p o l i s , I n d i a n a , i s developing a s m a l l , h i g h e f f i c i e n c y gas t u r b i n e , known a s t h e AGT 100, f o r automot'ive a p p l i c a t i o n s . . T h i s program p a r a l l e l s t h e G a r r e t t Turbine development of t h e AGT 101. The engine c o n s i s t s of a s i n g l e -s t a g e c e n t r i f u g a l compressor and a r a d i a l t u r b i n e w i t h a r o t a r y ceramic r e g e n e r a t o r . A t a d e s i g n t u r b i n e i n l e t temperature of 1288°C (2350°F) t h e e n g i n e produces 75 k W of power a t a n e f f i c i e n c y of .43%. The second of t h e s e engiiles i s c u r r e n t l y being b u i l t .
2.
G a r r e t t AiResearch The. G a r r e t t AiResearch C o r p o r a t i o n i n Torrance, C a l i f o r n i a , produces a subatmospheric Brayton-cycle e n g i n e t h a t has been converted f o r o p e r a t i o n on a s o l a r c o n c e n t r a t o r . The c y c l e i s r e g e n e r a t i v e , w i t h h e a t a d d i t i o n o c c u r r i n g a t atmospheric p r e s s u r e and h e a t r e j e c t i o n a t approximately one-half a n atmosphere.
It i s a c l o s e d c y c l e u s i n g a i r a s t h e working f l u i d . When o p e r a t i n g w i t h a t u r b i n e i n l e t temperature of 871°C (1600°F), t h e e n g i n e w i l l produce 11 k W of e l e c t r i c i t y a t 27% thermal e f f i c i e n c y . These e n g i n e s a r e a l s o being proposed a s p a r t of a g a s -f i r e d h e a t pump system, and s i x have been b u i l t and t e s t e d t o d a t e .
3.
G a r r e t t Turbine G a r r e t t Turbine Engine Company i n phoenix, Arizona, i s developing a s o l a r v e r s i o n of t h e i r ceramic-component automotive Brayton-cycle engine ( t h e AGT 101). It i n c o r p o r a t e s a c e n t r i f u g a l compressor and t u r b i n e and a ceramic r o t a r y r e g e n e r a t o r .
Operating. w i t h a t u r b i n e i n l e t temperature of 1371°C (2500°F), t h e e n g i n e w i l l , produce 75 k W of s h a f t power a t a n e f f i c i e n c y of 47%.
A p r o t o t y p e e n g i n e u s i n g m e t a l l i c r a t h e r t h a n c e r a m i c p a r t s h a s been b u i l t and t e s t e d . The c e r a m i c components a r e c u r r e n t l y u n d e r g o i n g development t e s t i n g .
M i c r o t u r b o
I M i c r o t u r b o S. A. of Toulouse, F r a n c e , m a n u f a c t u r e s a l i n e of s m a l l g a s t u r b i n e e n g i n e s us.ed f o r ground and a i r c r a f t a u x i l i a r y power u n i t s . A t y p i c a l e n g i n e , t h e r e c u p e r a t e d Gevandan 9 , Model 2 R , . i n c o r p o r a ' t e s a c e n t r i f u g a l comp r e s s o r , a r a d i a l t u r b i n e , and a cross-f low r e g e n e r a t o r . O p e r a t i n g w i t h a t u r b i n e i n l e t t e m p e r a t u r e of 750°C (1382'F), t h e e n g i n e w i l l produce 80 k W of s h a f t o u t p u t a t a n e f f i c i e n c y of 18%. Many of t h e s e e n g i n e s have been made and i n c o r p o r a t e d i n t o m i l i t a r y a p p l i c a t i o n s .
5.
S o l a r I n t e r n a t i o n a l (Turbomach)
S o l a r I n t e r n a t i o n a l of San Diego, C a l i f o r n i a , b u i l d s a l i n e of s m a l l g a s t u r b i n e e n g i n e s u s e d f o r a u x i l i a r y power u n i t s and o t h e r power a p p l i c a t i o n s . Two of t h e i r e n g i n e s , t h e Gemini and t h e T i t a n , a r e i n t h e power r a n g e a
The Gemini w i l l ptoduce a maximum power of 21 k W ( s h a f t ) o p e r a t i n g a t a n e f f i c i e n c y of 8.7%. The T i t a n produces 67 kW of power a t a s i m i l a r t h e r m a l e f f i c i e n c y . Many of t h e s e e n g i n e s have been b u i l t and a r e i n s e r v i c e t h r o u g h o u t t h e world.
B.
RANKINE CYCLES
Barber-Nichols
The Barber-Nichols E n g i n e e r i n g Company of Arvada, Colorado, h a s b u i l t a n o r g a n i c Rankine-cycle e n g i n e t h a t h a s been t e s t e d on a s o l a r c o n c e n t r a t o r . The e n g i n e c o n s i s t s of a c e n t r i f u g a l pump, a t u r b i n e , and a permanent magnet a l t e r n a t o r on a s i n g l e s h a f t . The working f l u i d i s t o l u e n e , which r e a c h e s a maximum t e m p e r a t u r e of 400°C (752°F) when p r o d u c i n g 20 k W of e l e c t r i c i t y a t a t h e r m a l e f f i c i e n c y of 23%. R e g e n e r a t i o n i s i n c l u d e d i n t h e c y c l e , and h e a t i s r e j e c t e d t o t h e a t m o s p h e r e by a fan-cooled c o n d e n s e r .
2.
B e r t i n e t C i e B e r t i n e t C i e i n P l a i s i r , F r a n c e , h a s developed a n o r g a n i c Rankine c y c l e which u s e s F l u o r i n e r t a s t h e working f l u i d . O p e r a t i n g a t a maximum t e m p e r a t u r e of 250°C ( 4 8 2 " F ) , t h e e n g i n e produces 50 k W of e l e c t r i c a l power.
Although no c y c l e e f f i c i e n c y i n f o r m a t i o n w a s , g i v e n , t h e t u r b i n e o p e r a t e s a t 112 Hz (6720 r e v / m i n ) w i t h a t u r b i n e e f f i c i e n c y of 78%. T h i s e n g i n e i s i n t h e p r o t o t y p e development s t a g e f o r u s e i n s o l a r o r w a s t e h e a t r e c o v e r y a p p l i c a t i o n s . ( C i r c l e d l e t t e r s correspond t o t h o s e used f o r l i s t i n g e n g i n e m a n u f a c t u r e r s i n t h e t a b l e . ) Barber-Nichols E n g i n e e r i n g Co.
ORC O r g a n i c Rankine
High-speed i n t e g r a l Turbomachine C a r i e t r T u r b i n e Engine Co. Opt. 67 9 1021 S o l a r I n t e r n a t i o n a l T i t a n Brayton R e c i p r o c a t i n g Opt. Legend : ORC = o r g a n i c Rankine c y c l e SAGT = s o l a r i z e d advanced gas t u r b i n e SABC = subatmospheric Brayton c y c l e AGT = automotive advanced gas t u r b i n e FPSE = f r e e -p i s t o n S t i r l i n g engine Opt.
= o p t i o n a l 3.
Dutcher I n d u s t r i e s
Dutcher I n d u s t r i e s of San Diego, C a l i f o r n i a , h a s developed a s m a l l s t e a m e n g i n e a s p a r t of t h e C a l i f o r n i a and U.S. automotive steam engine development program. D i s t i l l e d water i s t h e working f l u i d f o r t h i s c l o s e d double-exp a n s i o n r e h e a t l r e g e n e r a t i v e c y c l e . With steam a t 10.3 MPa (1494 p s i a ) and 593°C (109g°F), t h e e n g i n e i s designed t o produce 40 k W s h a f t output a t a n I e f f i c i e n c y of 27%. One p r o t o t y p e had been t e s t e d , w i t h a second engine having been p a r t i a l l y f a b r i c a t e d , b e f o r e program funding stopped.
4.
F o s t e r -M i l l e r F o s t e r -M i l l e r A s s o c i a t e s of Waltham, M a s s a c h u s e t t s , i s developing two r e c i p r o c a t i n g steam Rankine-cycle engines. One, a s i n g l e -p i s t o n , simple c y c l e produces 22.4 k W of power a t a n e f f i c i e n c y of 22% w i t h s u p e r h e a t e d steam a t 538OCI6.9 MPa (lOOO°F/lOOO p s i a ) . A compound r e h e a t v e r s i o n produces 28.2 k W a t a n e f f i c i e n c y of 36% when s u p p l i e d w i t h superheated steam a t 7 0 0°~/ 1 2 . 8 MPa (1292"F/1856 p s i a ) .
T h i s second engine i n c o r p o r a t e s r e h e a t between t h e h'ighp r e s s u r e and t h e low-pressure c y l i n d e r s , a r e g e n e r a t o r , and water-actuated v a l v e s . E i g h t e e n of t h e s i n g l e -c y l i n d e r e n g i n e s have been b u i l t and t e s t e d , and one compound r e h e a t c y c l e e n g i n e i s c u r r e n t l y undergoing t e s t .
5.
S.P.S.
S.P.S., I n c . , of Miami, F l o r i d a , produces a l i n e of o r g a n i c Rankine 6.
number of t h e s e u n i t s have been produced and s o l d t o f o r e i g n c o u n t r i e s . Because of t h e low o p e r a t i n g t e m p e r a t u r e , t h e s e u n i t s a r e t o o l a r g e and i n e f f i c i e n t t o be considered f o r p a r a b o l i c d i s h a p p l i c a t i o n s and, t h e r e f o r e , a r e n o t i n c l u d e d i n
Sundstrand
Sundstrand Energy Systems of Rockford, I l l i n o i s , proposed a n o r g a n i c Rankine c y c l e t o be developed f o r t h e s o l a r d i s h program from t h e i r previous o r g a n i c Rankine-cycle d e s i g n experience. The proposed engine combined an a x i a lf l o w t u r b i n e , a high-speed a l t e r n a t o r , and P i t o t pump a s a s i n g l e r o t a t i n g u n i t . Using t o l u e n e a s a working f l u i d , t h e engine was designed t o produce 22 k W of e l e c t r i c i t y a t a d e s i g n e f f i c i e n c y of 27% when o p e r a t i n g a t 427°C (800°F). The d e s i g n i n c l u d e d r e g e n e r a t i o n with an a i r -c o o l e d condenser surrounding t h e u n i t .
7.
Thermo E l e c t r o n ,Thermo E l e c t r o n C o r p o r a t i o n of Waltham, M a s s a c h u s e t t s , i s d e v e l o p i n g a Rankine c y c l e f o r waste h e a t r e c o v e r y a p p l i c a t i o n s .
The e n g i n e c o n s i s t s of a n a x i a l t u r b i n e expander a l o n g w i t h b o i l e r , pump, and condenser. The working f l u i d i s a m i x t u r e of t r i f l u o r o e t h a n o l and d i s t i l l e d w a t e r t h a t when h e a t e d t o 516"C, w i l l produce a 35 k W s h a f t power w i t h a n e f f i c i e n c y g o a l of 25%. Three of t h e s e e n g i n e s have been b u i l t and t e s t e d .
8.
United Technologies Research C e n t e r
The United Technologies Research C e n t e r , l o c a t e d i n E a s t H a r t
o r a t e s a c e n t r i f u g a l compressor and a r a d i a l t u r b i n e w i t h a h e a t exchange b o i l e r . The working f l u i d i s R-11, which r e a c h e s a maximum t e m p e r a t u r e of 149°C (300°F) when producing ,l8.7 k W ( 2 5 hp) of s h a f t power a t 24% t h e r m a l e f f i c i e n c y . The c y c l e i n c o r p o r a t e s a r e g e n e r a t o r , and t h e condenser i s a i r cooled.
C.
STIRLING CYCLES
B e r t i n e t Cie'
B e r t i n e t C i e , l o c a t e d i n P l a i s i r , F r a n c e , i s d e v e l o p i n g a 3-kW t e s t model of a f r e e -p i s t o n S t i r l i n g e n g i n e w i t h a l i n e a r e l e c t r i c g e n e r a t o r on t h e power p i s t o n and a l i n e a r motor on t h e d i s p l a c e r f o r c o n t r o l of t h e phase a n g l e . Although t h i s s i z e i s o u t s i d e t h e r a n g e of t h i s s t u d y , i n f o r m a t i o n i s i n c l u d e d because of t h e e n g i n e ' s s c a l e -u p p o t e n t i a l .
The e n g i n e i s a h e r m e t i c a l l y s e a l e d u n i t o p e a t i n g a t 50 Hz, w i t h helium a t 3.7 t-o 5.5 MPa (537 t o 798 p s i a ) as t h e working f l u i d . The d e s i g n o p e r a t i n g t e m p e r a t u r e i s 590°C (1094OF) w i t h a s i n k t e m p e r a t u r e of 70°C (158OF).
Mechanical Technology, I n c o r p o r a t e d
Mechanical Technology, I n c o r p o r a t e d (M.T.I.), l o c a t e d i n Lat.ham, New York, h a s under development a 3 -k~( e 1 e c t r i c ) f r e e -p i s t o n S t i r l i n g e n g i n e f o r s m a l l power a p p l i c a t i o n s . Although t h i s p a r t i c u l a r e n g i n e i s t o o small t o f i t s o l a r a p p l i c a t i o n r e q u i r e m e n t s , i t i s i n c l u d e d because of i t s development p o t e n t i a l . The e n g i n e i n c o r p o r a t e s a l i n e a r a l t e r n a t o r and o s c i l l a t e s a t . 60 Hz.
. O p e r a t i n g a t a h i g h t e m p e r a t u r e of 7 6 0 "~ (1400°F), t h e e n g i n e h a s a t h e r m a l c f f i c i e n c y of 24% u s i n g helium a t 6 MPa (870 p s i a ) as t h e working f l u i d . C u r r e n t l y , t h e r e a r e p r o t o t y p e e n g i n e s of t h i s d e s i g n o p e r a t i n g w i t h a n a t u r a l g a s b u r n e r a s t h e h e a t s o u r c e .
3.
S t i r l i n g Thermal Motors S t i r l i n g Thermal Motors of Ann Arbor, Michigan, under l i c e n s i n g agreements w i t h P h i l l i p s (Sweden), i s developing a'40-kW k i n e m a t i c S t i r l i n g engine. The e n g i n e i s a f o u r -c y l i n d e r , double-acting c o n f i g u r a t i o n i n c o r p o r a t i n g a v a r i a b l e a n g l e swash p l a t e d r i v e . The working f l u i d i s helium a t 11 MPa (1595 p s i a ) , which i s h e a t e d t o 800°C (1472OF) by a sodium h e a t p i p e t r a n s f e r u n i t . The p r e d i c t e d e f f i c i e n c y a t t h i s o p e r a t i n g c o n d i t i o n i s 48%. The f i n a l d e s i g n of t h e p r o t o t y p e e n g i n e h a s been completed i n d t h e major c a s t i n g s made. Fabric a t i o n and t e s t i n g of t h e p r o t o t y p e of t h i s e n g i n e w i l l be completed when f u n d i n g i s o b t a i n e d .
Sunpower
Sunpower, I n c . , i n Athens, Ohio, i s developing a f r e e -p i s t o n S t i r l i n g e n g i n e connected t o a l i n e a r a l t e r n a t o r . The e n g i n e has a n e l e c t r i c a l o u t p u t of 1 0 kW w i t h an e f f i c i e n c y g o a l of 44%. The working f l r l i d i s helium a t 2 MPa (290 p s i a ) w i t h a maximum c y c l e temperature of 71Q°C (131f1°F) . n n~ p r o t o t y p e e n g i n e of t h i s s i z e has been b u i l t and t e s t e d .
United S t i r l i n g
United S t i r l i n g of Malmo, Sweden, produces a f o u r -c y l i n d e r , c r a n k s h a f td r i v e r e c i p r o c a t i n g S t i r l i n g e n g i n e , which h a s been t e s t e d on a s o l a r c o n c e n t r a t o r .
The working f l u i d can be e i t h e r helium o r hydrogen w i t h power o u t p u t c o n t r o l l e d
' by g a s p r e s s u r e .
A t a mean p r e s s u r e nf 1.5 MPa (2175 p s i a ) , t h e engine w i l l g e n e r a t e 24.4 k W of e l e c t r i c i t y a t a n . e f f i c i e n c y of 40% when h e a t e d t o 720°C (1328OF). Twenty-five of t h e s e e n g i n e s have been produced and a r e undergoing t e s t i n g f o r v a r i o u s a p p l i c a t i o n s . A 55-t o 60-kW v e r s i o n of t h i s engine Is under development f o r a Messerschmitt-Boelkow-Blohm d i s h system i n Saudi Arahia.
SECTION I V CONCLUSIONS
From a survey of 39 engine manufacturers, a l i s t was compiled of 19 engines ( i n t h e 10-to-100-kW range u s i n g e i t h e r Brayton, Rankine, o r S t i r l i n g c y c l e s ) t h a t employ e x t e r n a l heat a d d i t i o n and, t h e r e f o r e , a r e p o t e n t i a l l y a p p l i c a b l e f o r p a r a b o l i c d i s h -e l e c t r i c modules. Many companies responding t o ' t h e survey a r e not l i s t e d i n S e c t i o n I11 because t h e i r e n g i n e s were not a p p l i c a b l e f o r s o l a r power g e n e r a t i o n o r t h e i r i n t e r e s t i n development of t h e s e e n g i n e s had ceased.
It was observed t h a t , because of t h e dominance of Otto-and Diesel-cycle engines i n v o l v i n g i n t e r n a l combustion/heat a d d i t i o n , few a p p l i c a b l e e x t e r n a lh e a t -a d d i t i o n e n g i n e s e x i s t i n t h e s i z e range considered. Many manufacturers of Brayton and Rankine engines i n d i c a t e d t h a t t h e s i z e of t h e i r e n g i n e l i n e was l a r g e r t h a n 100 kW power o u t p u t . S e v e r a l S t i r l i n g engine manufacturers, on t h e o t h e r hand, a r e developing engines s m a l l e r t h a n 10 kW. From d i s c u s s i o n s w i t h many of t h e m a n u f a c t u r e r s , i t was found t h a t d u r i n g t h e 19701s, t h e r e was c o n s i d e r~b l e i n t e r e s t i n developing new engines i n t h e 10-to-100-kW range b o t h f o r automotive a p p l i c a t i o n s , and s o l a r energy conversion. S e v e r a l companies, who had i n i t i a t e d s m a l l engine development programs d u r i n g t h a t t i m e , have dropped f u r t h e r development due t o reduced f e d e r a l funding f o r s o l a r and automotive engine technology development.
I t a p p e a r s from t h e survey t h a t t h e technology e x i s t s t o produce e x t e r n a lh e a t -a d d i t i o n engines of a p p r o p r i a t e s i z e w i t h thermal e f f i c i e n c i e s of over 40%.
Developmental problem a r e a s seem t o be m a t e r i a l s and s e a l i n g . High e f f i c i e n c y Brayton-cycle e n g i n e s must o p e r a t e a t 1000 t o 1400°C, where most m a t e r i a l s l o s e t h e i r s t r e n g t h . High e f f i c i e n c y k i n e m a t i c S t i r l i n g -c y c l e e n g i n e s can a t t a i n a n e f f i c i e n c y of 40% a t temperatures i n t h e range of 700 t o 800°C, w i t h s e a l i n g and component thermal c y c l i n g proving t o be t h e s i g n i f i c a n t problem a r e a s . Rankine c y c l e s o p e r a t e a t even lower t e m p e r a t u r e s w i t h lower e f f i c i e n c i e s ; with t h i s e n g i n e c y c l e , t h e g o a l i s t o d e s i g n e f f i c i e n t , m u l t i -s t a g e expansion t u r b i n e s f o r t h e power output a s s o c i a t e d w i t h s o l a r a p p l i c a t i o n s .
A l l of t h e e n g i n e s l i s t e d i n Table 3 -1 a r e of a developmental n a t u r e having l i t t l e , i f any, o p e r a t i n g experience. Because O&M c o s t s w i l l be a n i m p o r t a n t . f a c t o r i n determining t h e c o s t e f f e c t i v e n e s s of p a r a b l i c d i s h s o l a r t h e r m a l power systems ( S e c t i o n I ) , i t i s n e c e s s a r y t o g a i n o p e r a t i n g e x p e r i e n c e t h a t w i l l p r o v i d e t h i s c o s t d a t a .
Furthermore, t h e p o s s i b i l i t i e s of e x p l o r i n g d e s i g n m o d i f i c a t i o n s t o reduce O&M c o s t s f o r s o l a r a p p l i c a t i o n s can probably be more e c o n o m i~a l l y addressed i n t h e development s t a g e . Thus, i t a p p e a r s t h a t t h e p a r a b o l i c d i s h program can b e n e f i t from c l o s e i n t e r a c t i o n w i t h t h e d i f f e r e n t engine development programs i d e n t i f i e d i n t h i s survey.
It i s concluded t h a t h i g h e f f i c i e n c y e n g i n e s can be developed f o r s o l a r p a r a b o l i c d i s h a p p l i c a t i o n s . P r o t o t y p e s and l i m i t e d p r o d u c t i o n models a r e c u r r e n t l y i n o p e r a t i o n . Because one s p e c i f i c engine o r e n g i n e t y p e does n o t emerge from t h i s survey a s being dominant f o r s o l a r a p p l i c a t i o n s , i t a p p e a r s t h a t a d d i t i o n a l developmental e f f o r t should be expended on a range of d i f f e r e n t engine o p t i o n s . The a v a i l a b i l i t y of d i f f e r e n t e n g i n e o p t i o n s w i l l permit g r e a t e r f l e x i b i l i t y i n matching d i s h systems t o a p p l i c a t i o n requirements and i n p r o v i d i n g c o m p e t i t i v e s o u r c e s .
APPENDIX A DERIVATION OF EQUATION ( 4 )
O v e r a l l e f f i c i e n c y of a s o l a r power s y s t e m i s : rl = rle rls Combining E q u a t i o n s ( 2 ) and ( 3 ) and l e t t i n g TH = T, and TL = Ta:
UL Ta
T a k i n g t h e d e r i v a t i v e w i t h r e s p e c t t o 8 :
and t o f i n d t h e i n f l e c t i o n p o i n t (optimum q w i t h r e s p e c t t o 8) and c a l l i n g t h i s t e m p e r a t u r e emax; S i m p l i f y i n g , we g e t :
which i s E q u a t i o n ( 4 ) . Barber-Nichols E n g i n e e r i n g Co. G a r r e t t T u r b i n e Engine CO.
S. 3 4 t h S t . P h o e n i x , AZ 85010
G e n e r a l E l e c t r i c Co. Air'craf t Engine Group One Neuman Way C i n c i n n a t t i , OH 4 5 2 1 5 Rankine -o r g a n i c This r e p o r t i s t o be completed by t h e a p p r o p r i a t e JPL employee during and a f t e r t e l e c o n o r personal i n t e r v i e w with each manufacturer's r e p r e s e n t a t i v e ( s ) .
Report Prepared By: Section
Engine Thermodynamic Cycle RankineClosed S t i r l i n g - P r e s e n t experimental r e s u l t s wherever p o s s i b l e .
Define coordinates.
Define s t a t e p o i n t s a s p r e c i s e l y a s p o s s i b l e .
PART -LOAD CHARACTER1 ST I C S Notes :
Present experimental r e s u l t s wherever p o s s i b l e .
Specify form of input power, i.e., whether f u l l o r d i r e c t thermal.
Specify form of output power, i.e., s h a f t o r e l e c t r i c (AC or DC and v o l t age).
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